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1 .  I N T R O D U C T I O N

The term “teleoperation” (or “telerobt)tics”)  Lienotes
a remote control operation whew the robot anti
operator are physically separateci  by some  Liistance,
and there  may exist some communication time Lielay
b e t w e e n  the operator and remote robot,  A key
feature of this operation setting is that the operator’s
perceptive, cogniti\~e, and manual skills are  reqLlirwi
to perform the remote operation  successful ly  anLi
efficiently in a control station. The pLlrpose of this
~Ja}ler ist(>descrilJL’  a12ci ~iiscllss ct)ml>Llter  grrl}311ics
techniq Lies t h a t  c a n  aiLi the (~peratc)r  to ele\Jate
teleoperation  performance  to new le\~els of
capabilitiw.

T h e  role c)f c[)mp  Liter g r a p h i c s  Liisplays  i n
teltwperation incluciw (i)  task visual izat ion f~~r
planning  tt.]eoperat[>r  actions, ( i i )  motion”  or action
pre\Jiew pr ior  to act Llal execLltion of m(>ti[)n,  (iii)
predict  infl n~otioT7s in real  tiJme w h e n  there is a
comm Linication t ime  Lielay be tween  operator”
control  statiorj  an~i remote robclt, (l\’) ]lE’I}J operator”
train in~! bt’fore  tht’ operator” st,]rts  ext’rcising  the
remote harci}$are,  ( v )  enable vis IIal pt’rcepti(~n of
non-vis ible  el~ents,  anLi, in general, to serve as a
flexible ollerat(~r  interface m(xlalit\J  to the remote
s\~sten2 for inlplcnlcntin~  control con fig Llrati072
editors  anti system Stat  LIS monitors, ” replacing
comp]ex  switch  b[)arci and analog ciisplay  harLiware;
St’t’more(ln  thisin  [1] and [2],

Task  visLlalizati~)n  isa key problem inteleoperati[)n
since  most of the operator’s control Liecisions are
b a s e d  on visual inf[>rmation. The capability of
p r e v i e w i n g  mclti[~ns  e n h a n c e s  the qual i ty  of
teleoperation by rtxiLlcing  trial-anLi-error  apprt>aches
in the hardware contrt)]  anLi by increasing the
operator’s  confi Lienre i n  control” Liecision making
dLlring task  execLltion. VreLiicting conseL]lle[~ces  of
motion comma n~is in real t ime Lln Lier
communica t i on  tim L’ (ielay permits longer action
segment  ati(ms as opp[)seci  to the mt)\’e-an(i-\vait
contr[ll s t r a t e g y  LIs LIally employe Li w h e n  nL)
preciictive  ciisp]fiy  is .l\’ailable,  increiises  ~]peration
s a f e t y ,  anti  f-t’Li  LICeS  total  operatioil” time.  C~perClt(]r
training throLtg12 a display s) ’stenl IS a cL)n\’enient
tool fol initial familiarization of the c)perator  wi th
tllc’telc’~)}>erateci  systtmwithoLlt actLlall~’ tLlrning the
harciware s}stem or}. \/is~la]iz~ti~Jn ~Jf n~Jn.\,isi~>]~

e v e n t s  enabtes  a Graphical  repr-est~ntati~)n  of
cfiffert’nt  nc)r-l-\’i SLl ill sensor Liclta a n d  help~
manage’ment of systvrn  reci Llndancy b~’ plI)\’iding  f)
sLlitabl(’ ge[)mc’tric  ~~icturt’  of a r~lLilti-Liinlel~siol~,~l
system state.

T a s k  ,~n~i c[)ntr[>l i’tsu,~liz,~tion  exdmptes are
sLlmmc)rizeLi  in  the seconci section,  using  C[)I)l]>Llt~r
~ril})hi(s  as r] Stal)L’t-dl[)Ilt’  of” }> LIIP \r]rt  Lldl r&’c~]it~

system, ThE’ thir~i s e c t i o n  s u m m a r i z e s  the
calibration techniqu~ by which l’irtu,~l (graphics)
an~i actua]  (T\~) images  c a n  he fLls&i into a rea]istic
single  perceptive’ franie  on a m[)nit(~r  screen. ]ssues
on t h e  visualization of n[)n-]’isik)le  tl]in~s  AnLi  the



r

t r a i n i n g  of operators Llsirrg \~R techniq Lies, are
treated in sections f[)ur  and five

2, T A S K  V I S U A L I Z A T I O N

The computer graphics system for task and contr[>]
Vislla]jzatj{)n  in tile ATOp contro]”  rc)om was

developed for a dual-arm w{)rkcell  sLlrro  Lln Lied by a
gantry  rob~~t  frame prx)viciing mobility fc)r a stereo
allLj two III C)II() TV cameras, each  on a pi]n-ti]t  bil~~,

in thiW? orthU~OI)al p]all I?S. ci3LTWrii  foCLIS,  Z()()nl,

and iris can also be remote contru]leci.  The workcelt
houswi two eight-d,o.f. AAl arms, each eqLlipped
with a “smart” robot claw-hand which can sense
both the grasp force at the base uf the claws anti the
three orthogonal forces/moments at the base of the
hand. The task environ merrt  in the workcel]
simulated the Solar Maximum Satell i te Repair
(SMSR) which was  act  Llally performed by two
astrOna  Llts in space sLlits in the Space ShLlttle cargo
b a y  i n  1983. (Note that  this  satel l i te  was not
designed for repair!)  The goal t)f the experiments in
the ATOP workcel]  was to show  h[wv to do the same

repair in a telw)perati(m  mode. T() achieve this goal,
t h e  Lrse of c~lrnputer  g r a p h i c s  ~)ffered  ,ln
inciispt’nsab]e  help in many \vAys,

Figure  1 il]LlStrilt(2S A tL)]e[)pera  ted  S M S R  lvt)rl,cell
]ayOLlt visual  izati[)n in a t~)p view to determine the
mOLlnting of the ciual-arm system re l a t ive  to the
Sate]iite  mock Lip, wiih reach enve]opes t)f the robots”
Overlai Li on the workcell  ciisplay,  for varit)Lls r epa i r
subtasks. FigLlre ? i]l Lrstrates  the ei~a]Ll,lti~)n of
viewing concf~tionS” together  W i t h  tht? t?\~dl  Llilti[)I)  of

alternative LISe of the ciLral-arm  system’s reci Lln Liant
capab i l i t i e s  for an f?]~ctrici)]  ct)nnector Llnb{)ltin~
subtask. Altogether,  twelve major seq Lient ial
sLlbtasks  a r e  ln2}>]i  L’Lj  i n  t h e  h4ain Electrical Box
(MEB) change-~)Llt in the SMSR mission, aIILi  ejlch

s u b t a s k  req Llires the LISP of some t~)ol (screwLiriler,
scissors, etc. ) This ct)rresponL_ts  to a large  set of task
a n d  control”  \~isllalizcation  t)ff-line andl VSIS b~~
compllter’ g r a p h i c s ,  also t a k i n g  accoLlnt  (;(
works }~ace, arm kinematics , Lrse of tools, ” ancl
viewing  cons t ra in t s .  It is nc)tecl that the nlotio}l” of
the rot>(>t arms’  graphics  irna~es  LiLlrin~ task  AnLl

control sin~Lllation a r e  cc)ntr~)lleLi  by the same
inv~rsC’/f[)rWarLl  k i n e m a t i c s  control”  sc)ft!~,ar~  th,~t

c~)ntr[)]s  the actllal  harLjWar~  SyStt’111,

Figure 1. \)isua]ization  of Wurkcell  LayOLlt with Reach En\el[)pc~  @\~erlays

—



Figure 2. Visual Evaluation ()( Red Llndancy  Management and \liewin S

T W O  major c[)ncl  L[sions resLllteci  from the  S M S R
g r a p h i c s  t a s k  .anci c(~ntrol vis Llalizatiun  Off-line
analysis: (i) The fLIll task can only  be performed with
the given  ciual-arrn  setting if the base of either the
ciual-arm  system or the task boarci (prefer-ably the
task boar~i)  is movable in two ~iirections  in a plane
by about ~ 45cn~ in each Liirectit)n  anLi rotatable by
abo Llt ~ 20 degrees, (ii) a small  T\~ camera moLlntt?d
to the base of the right arm’s enci effecter wuLI]d

consi~ierab]y  contribute to the effectiveness and
safety of swera] subtask performances.

Figure ~ i]]ustrales a graphics operator” interface to
the contl-ol” of the ~iual-arm  telerobot s y s t e m  for
Sh4SR experiments , as a res Lilt of t he  o f f - l i ne-

graphics task anLj Contr’o]  simu]ati(~n ana]ysis.  The
subtasks are listed in the IL)wer  r ight  insert ,  f[)ur
pre\’iew  c~)ntro]  options are liste~i in the upper left
insert, anti the upper right insert lists some  current
status messages. 1( is noted  that tht’ graphics image
of the two arms is upLiate~i in real time at a rate of at
]east 15H7 so that the operator”  c~J] a]ways  vieu’ the
fLl]] system  c~>nfigLtration  even  when all T\J’ cameras
are f[>c Llst’Li allLj Z()()nWd on SO1l)t” pilrti CLl]ar subtask
dt’tai]s. M~)re  OJ_I the SMSR task and  contr(~l  graphics
l’isualization an~i the resulting graphics opera t[)r
lIltt’rfaCe work  can be fOLlnLi  in [~],

3, FUSED GRA1’HICS  A N D  T V  I M A G E S

T h e  actual u t i l i t y  of c[)nlpLlter  g r a p h i c s  i n
teleoperatiun  to a h i g h  Liegree  ~ie]>en~ls on the
fidt?]ity  by which the };raphic  IIloLj(?]S represent the
te]eope rater system, the task,  dI_ILj  task environment,
The  Jpl. ad\ ’arlcf?Lj  tt’]eopt’ration”  efft)rt  in the past
few years was f[)cuse~i  on the Lj~V~][)}>IIl~rIt  of ~

ficielity cal ibrat ion of  graphics  ciisp]ays.  Th i s
development  has  four  major  ingrwiients.  First,
creation of high -fi Liclit~’ 3-D g r a p h i c s  models of
remotely operate~i  robot” a r m s  anLj o f  objects  of
i n t e r e s t  for r(;bot arnl  tasks. Secc)nci, hi~h-fl  Lielit\’
calibration {)f the 3-11 g r a p h i c s  nlo~ic~ls rel(lt)ve  t;)
given  1 \] camera ~-~ ]r?~C~g~ fr{ln>es i~hicll  coit’r  tht’

s i g h t  oi both the rot)()[  am)  anLi [he objects  ot”
interest. ThirLi, higl”l-fl~it)iit~’  (jvt’r]a!’ii”l~  of the
calibratt’~i graphics m[xie]s over  the actual robot” arnl
ami [)bjt’ct  images  in ,) ~iven  T\’ cirmer,~ }n-l,a;e frame
on a monitor” screen  as seen b~ the [)peratt)r.  Fourth,
high-f icieiity motion”  c~)rntrol ;)f robot” arm  graphic>
image h}’ using  the same contr~)l softii’are  that ~irij~w
the real rob[)t , se(  [4J an(i [5).



F i g u r e  3 , G r a p h i c s  O p e r a t o r Inter fact> for  I)review a n d  O n - L i n e
Visualization, with Task Script Titles and Redur-rciancy  Mgmt.  Status

~2rdiCt;Il&  al)d }>rt’VlWJi12~ robotic” aCti[)llS,  With[)Llt
comn~an  Lling and m o v i n g  t h e  act  Llal robot”
h a r d w a r e .  l-he operator”  can generate  visLidl  effec~s
of robotic motion” by Conlnlan  Ljil_I~  tht>  motion”  of the
graphics  image of the rob~~t  sLlperimposeLl t~ver T\~
pictLlres  of the live scene.  Thus, the operator can see
the conseqL]ences  of motion”  commands in real time,
before senLiing  t h e  c[)nlmancis  to t h e  remotely
l(>CatJ?Lj  r[)b(>t. This calibrated virt  Lla] reaiity  Liisplay
svstem can als[) proviLie high -fi Lielity svnthetic  or

artificial T\~ camera views to the operator. These
synthetic  views  make c r i t i c a l  robot  mc>tion  events
visible that otherwise are hiLiLien from the operator
in a giver-r T\~ camera view or ft~r which no TV
camera view is ai~ailable.

3.1 Camera Calibration And Object Localization

Fusion of graphics and actLlal TV images can be
generated by overlaying graphics images  over act Llal
T\~ images, A high-f  iLielity over-lay req Llires a high
fitielity T\~ c a m e r a  calibration a n d  o b j e c t
local ization.  ” F(JI this purpose,  a reliable op~ri~t  or-”
interarti\~c  c,ln)era  calibrirtion  and object localization”

techniqllt’ h a s  been cievelopeLi. The  cLtrrent
calibration  LISL’S a ]Joirlt-to-}>oillt  mapping pr(XeLi Llre,
anLi the conjpLltatiL)n of the camera  ca l ib ra t ion
pa rame te r s  i s  bastli on the i~ieal pinho]e  nl[)Liel  of
image  formation”  b~~ the camera,

First, the camera calikli-ation is perf(>rmed  by Ll~ing
the manipulator itsi>lf as a cali[bratioc  fikt Llre. The
o p e r a t o r  enters the corresponcience”  irnfor-n-lation”
bt~twe~’n  3-D graphics model  points allLi  2-D camera
image p o i n t s  of tht’ nl[lnipLllator  to th~ conlpLlter.
T h i s  is per  f[)rmeci  by  repeatecity  clickin~ ~iith  ~
mollst”  a ~ra})hi  CS nloLjt’]  }3[)ln[  allLi  its corrt’s}lon  Ljln~”

T\~ image point  foI  each c[)rresp[)nciing  pair on a
m o n i t o r  s c r e e n  wl~ich shows both  the ~raphics
moLiel anti the act  Llal TV camera  lnl~ges. T()
improve calibrati(m acc Liracy, several poses  of t h e
manip Lllator  within the same T\~ cirrner~ iie}~’ can be
LIsL)Lj to e n t e r  correspt)nLiing  n_IOLj~l  dnLi T\/  lmirge
p o i n t s  to the computer. Then  t he  c[)nlpLlter
ccrmp Lltes t h e  c a m e r a  calibration parirmeters,
Beca Llse Of tht? ]Ljf?d]  }>i[lh[)]t’  n)od~]  ass Llnlption, the
conlputeLi  [)LltpLlt is a single l i nea r  4x?I calihriltic)cr
matrix  for a linear perspective }Jn>jection,

object ]oca]izatiorl”  is }_Jk’rforn16’Lj  aftt’r  canlt?rd

calibration, entering CorrC?s~J[)l)  Liil”l~ object  nN)Lit’]  dJILi
T \ ’  irlla~e  points I() the compLlter  i,~r Lilftert’rnt
ciesireLi  TV camL’ra  IrI-II~S. l\~aln,  [l It, ,} Llt~)Ll[  1> ,)

single l i n e a r  4x3 calibrfit ion n~~t]lx  i,)! ,1 II I-I,, (I!
perspt’ctive  pr-oje’cti(~rl.

T h e  FiC(Llill  camera  C,l]lbratlon  iInLi  ob]t’rt Iocatlzatl[)n

Conl}TLlk]tl[)n  S are cdl-ried [)Llt b} a  combinatl[)n t)f
l i n e a r  ilrr~i  nonllneilr  ledst-sLlLl,l;e5  dl~~)rltl>nns,  dnLl



Figure 4. A Predictive/Preview’ Display of End Point Motion

Figure 5 . S t a t u s  {Jf P r e d i c t e d  EnLi Point after M(Jti[~n Exec Lltion, from  ,)
Different Camera \)iew,  for the Same  h40tion  SIlown in FigLlrk’  4
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and collision detection. TEL EC) RIP CL] (ascii-text
Command Line Interpreter) commarrds  include
INQUIRE COLLISIONS (re}>orting  collision anLi

12~ar Illiss statlls)  al)d  ]N@U]RE  M] N] MUM
D I S T A N C E  (reporting minimum ciistance  between

p a r t s  o r  d e v i c e s ) . TELEGRIP  GSL (Graphics
Simulation Language) also supports ray cast ()
function that computes the intersection distance
from a point  in a specifiwi  ( r a y  c a s t )  d i r e c t i o n .

Using these object ciistance  computation functi~~rrs,
various proximity sensors can easily be sim Lilateci.
More on this in [7].

Force/torque’”  sensor can  ,lls(~ be s i m u l a t e d  hy
computing v i r tua l  contact forces  an~i t[)rL]LIW  f o r
given simu]ate~i  geometric c(~ntact moLjt?]S.  I n
general, an accurdte simulation of virtual contact
forces a n t i  torques c a n  be v e r y  computation-
intensive, but  an approximate s imulat ion,  for
examp]e, a  s implif ied peg-in-hole  task, can be
accomplished without difficulty, as illustrated in Fig
6 a n d  L~t’sCrjbd  in cietai] in [~). ]n this  grdphics
simulation, the h[~]e arrci its support  structure are
assunwci  to be rigici with infinite stiffness, while the
robot  h?IJ_ILj ]I()]dlng  the }>~~  is Corn}>  ]iant for a]] thrt??

Cartesian transitional axes anti also for all Cartesian
rotationa] axes. (]t is  fur ther  assumed that  the
compliance center is Iocateli  at a ciistance  L frt)m the
tip of the peg with three ]ateral  springs kx, ky, FJllLj

kz anLi three angular.  s p r i n g s  krllx, knly,  kmz.  B(~th
the ~J}>erat(Jr-conll17anLieci  anti the actual positions” ~}f
the peg are ~iescribe~i by the p(lsition o f  t h e
compliance center . F o r  a  g i v e n  operator-
comrnan~ie(i  peg posit ion,” the actual peg  position”
after compliant accommodation” can be ciifferent,
dC’}Jt’nLjil)~  Ll}>on  [ht? CLlrr~I_I[  Stilt~  o f  the }>t?g  of

whether the  pt)g  is currently in the hole  or not, For
the }>eg-rl[)t-  iIl-ll  L)le stat;, two c o n d i t i o n s ”  are

considered: no-toLlch” or peg-on-wall  For the peg-in-
ho]~  stdtp,  follr coIILjlt]OI)S”  a r t ’  COJ_Isld(?rd:  Ilo-t[)LICh,

peg-siLie  one-point” contact, p e g - t i p  ~)ne-p~~int
c(mtact,  or two-point”  c[)ntact,

Figure 7 show’s  a f~)rce-reflecting  virtual reality
training clisp]a) for a peg-i  n-h~)le task.  Contact
forces and torques are cl)mpu  ted and reflecte~i  back
t(> a  f(>rce-ref]ectll~~  hFiJILj  Cent J’()]]~J” in rt?a]  tiIn4?
T h e y  are also  LiisplayeLi  on the Llppt’r  left corner of

the Liispla)’  screen.

4.2 ~oJnp]ex  Constrained Workspace

A t echn ique  ha s  been recently cieve]oped  anti
described in [8] for cietermining an~i visualizing the
geometric moti(m  capabilities of ~iual-arm  robotic
s) ’stemS when the arms work on an object in a C]osed

k inema t i c  cha in  configuration,  taking account L)(
robot arms’ base placement, object ciirnensions,
object  holding an~i contact constraints,  and space
occupancy cunflicts of the two arms’ links. This
constrained and object  orientation restricteci  motion”
space is general can be visualized as a complex 3D
object with hidden unreachable I1o Iw or cavities of
varying shapes. The developwi  technique is an
inverse computer vision procwiure  in the sense that
it creates rather than rc’cognizes visual forms.

Figure 6. Ge{)metry of a Simulate~l  J’eg-in-Fl[~le
T a s k  ~vith Lateral  a r I d  Anguitar  Sprirrgs  at the
Compliance Center

The feasibility of the  (]Uot~Lj Visualization technique
has bee]] ~iemonstratc{i  thrc)u~h generating 3D semi-
t r a n s p a r e n t  motion” ~}>ace ]nla~e~ for a Lillal-arm

exampl~’  showJ-I  in ~;~t~fi.  in this example,  the t~~’()
robot  a r m s  are ri~lLj])’  connecteci  to a long  r[)Lj. The
nl(>tloll S}>aC~  C(ll)SILj  L’ld f[)J’ thl  S dlla]-arlll  COSC”  IS

composeci  of all positions” that the r(xi center c a n
achievt’  when tht’ tw[)  arms, operatin~;  as a ri~i(ily
c]oseci  c h a i n ,  h[)]ci dnci move the  ro(l in ir fixeci
orientat ion.  FtgLlr~ !) show’s  d ~~ transparent \’itlw’
sollltior~ of this problem. This 3D ser~~i-tr.)t)s}>,)rellt
ciispla)’ is a perspectli’~’  \’it’m’ sLlch that the k-axis is
to the 1(’ft, the )~-axis IS to the rifiht,  anti the z-axis i>
to the top 7 WL)  thick, black  pa tches ,  seen to the left

anLi ri~ht  a c r o s s tht; center  a r e  the Llnreachable
s p a c e s  hiLjd~n  in tht’  outer  ]ight  gra)’  r e a c h a b l e
space,  The big~er-  trans~>arent  light  gra~’  object  is t h e

reachat)le  space, arncl  tht’  l)~hter  p)ray ernpt)’  space



,

(a)

(b)

Figure  7. A Force-Reflecting Teleoperation Training Display for a Peg-ln-
Hok  Task; (a) before contact, (b) afler cmn~c[  wi[h Lhe wall



parallel to the y-axis passing through the center
c o r r e s p o n d s  to the forced  Llnreachable  s}oace that
at,~)l~lsct)]]ision  with robot  bases.

Note that motion space visual izati(m through  3D
semi-transparent images will help the operator” see
tlwreachableand unreachable re~i{)i~st)ftllemotit)ll
space sirnllltanw~usly. Note also  that this inverse
computer vision  t e c h n i q u e  c a n  form a solid
foundat ion for iln automateci task-level geometric
p a t h  generator  for constrained  Liual-arrn  motion”
pr~>blerns.

The practical pllrp[)se  of training is, in essence, t[~
help  tllec)}lL’ratorc lt’\el(J}l[)fa mental model  of the
telerobot system and of the task. During task
execution, the o}-wrator  acts through the aid of this
mental model. S(Jrne  initial operator training can
al]vays  be p e r f o r m e d

turninx on any teler~)b[)t harciware  In this setting,
the operator’ can learn the activity protocol” or t~sk
script. h fact, the task script itse]f  can represented
to the operator in an appr[)priate  \~R format.

Figure 8. A  Lc)n\\ Rod Ha I)dlPLl by Two Robc)t
Arms

Figure 9.
().5111

\rit’w  of the Workspace from X-J’ Direction  for a J<OLI  of L~IngLl_I



.

.

The procedure c) f operator training and the expected
behavior of a skilled operator following an activity
})rot(>c(>]  a]s(> offers ~h(? }>ossibi]ity of }>rOViLjin~ t]l(?

operator with performance feedback messages on
the operator” interface graphics, derived from a
stored  model of the task execution A key element
for such  an advanced performance feedback too] to
the operator is a program that can follow the
~vo]lltion”  of a telw~perateci  task by segmenting the
sensory data ~trt’ilnl into ilpprt)priate phases.

A task segmentation program of this type has btwn
in~plemented  b y  m e a n s  of a neural  network
architecture, described in [9]. It is able to identify
the s egmen t s  of a peg-in-hole t a sk . With this
ilrchitecturt?,  the telmporal  seq Llence of sensory ciata
generated by the wrist sensor  on the manipulators
are turnwi into spatial patterns and a winciow  of
sensor observations  which is related t(> t]le cLlrrent
task phase.  A partially rectlrrent network algc)rithrn
\\ ’As employed i n  the compu tatio n.” Partially
recurrent  networks  represent well the tempt)ral
el’oluticmofa task, as they inclu~ie in thein}>ut  layer
a set (>fn(>~iesc[)nl~ecteci  to theoutput  units tocreate
a context  men]ory, These  Llnits  represent the task
~)13ase  alreaLiy execLlteci-tl)e previ[)us  state.  Seve ra l
expe r imen t s  of the peg-in-hole  task have been
carriwi  out  an~i the results have been  encouraging,
wi th  a  pe rcen t age t)f correct Segnjentijtic)nS
a}>pr~)xin-lrltely eqll,ll to 6S’1,, More on these
ex}~eri111e17ts callbef~)LlllLi i[~[9)all~l [1(1].

6. CONCLUSION

A major cc~nclusion is that the a}>plication  c)f V R
tt’chIllqLIE!  Sand too]s”  111  thL’Ll~Si~17and  ()}>  Prdti[)n  o f
telerc)ht) ticsystenls ella~>les the perfL)rnmnceof  more
tasks, safer,  faster, and inherently chea}~er.
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